Elastically deformable materials can be created from rigids sheets through patterning appropriate meshes which can locally bend and flex. We demonstrate how micro-accordion patterns can be fabricated across large areas using three-beam interference lithography. Our resulting mesh induces a large and robust elasticity within any rigid material film. Gold coating the micro-accordion produces stretchable conducting films. Conductivity changes are negligible when the sample is stretched reversibly up to 30% and no major defects are introduced, in comparison to continuous sheets which quickly tear. Scaling analysis shows that our method is suited to further miniaturisation and large-scale fabrication of stretchable functional films. It thus opens routes to stretchable interconnects in electronic, photonic and sensing applications, as well as a wide variety of other deformable structures.
Introduction
In recent years, the fabrication of elastic conductors has attracted increasing interest. With the development of stretchable materials, novel applications become possible, ranging from stretchable electronics [1] [2] [3] [4] through stretchable light emitting diodes (LEDs) [5] [6] [7] [8] , solar cells [9] [10] [11] , photodetectors [12, 13] , and sensors [14] [15] [16] to electronic textiles [17, 18] and neuronal interfacing for biomedical applications [19] [20] [21] . In general, there are two different approaches to fabricate stretchable conductors. One is to use composite soft materials that incorporate conducting additives, for example graphene, carbon nanotubes, metallic nanoparticles and nanowires, or conductive polymers [22] [23] [24] [25] [26] [27] [28] [29] [30] . Another possibility is to create stretchability via structural changes of a semi-rigid material using for example controlled buckling of thin metallic films on elastomeric substrates [31] [32] [33] or lithographic patterning of metals [34] [35] [36] [37] . Lithographically fabricated structures are often composed of individual serpentine wires which for optimal stretch performance need to be structured at the micron-scale while maintaining the capability for volume production. Although suitable lithographic masks can also be created by electron beam lithography with optimised detailed structural features, this is prohibitively slow over large areas, or for producing large area imprint rollers.
Here, we present a novel and scaleable route for the fabrication of robust stretchable structures on the sub-µm scale with feature sizes below 100 nm. Initially stiff and brittle homogeneous photopolymer material is patterned with slots in a periodic fashion using three beam interference lithography. This creates an accordion-like heterogeneous material capable of large and reversible macroscopic strains without introducing global defects or locally compromising brittle strain limits. Furthermore, coating these structures with gold allows for fabrication of elastic conducting films. On a macroscale, a similar concept is used for the fabrication of "expanded metal", in which a metal plate is patterned with slits and streched to form a diamond-shaped structure. Applications of this material can be found in many areas of the metal industry and first reports of such metal patterning date back to the 18 th century. However, this is, to our knowledge, the first time that a stretchable sub-µm mesh is fabricated on a large area using a single-exposure lithography technique. Previous reports of large area stretchable conductors are mainly based on buckling of metallic films or the strain-induced remodelling of granular metallic layers over many cycles [31] [32] [33] 38] , as well as the patterning of elastomeric substrates [39, 40] . A well defined mesh is, however, of high interest and shows potential for applications [41] [42] [43] . 
II. Sample fabrication
A macro-scale concept model of the accordion spring pattern lasercut into 3 mm-thick plywood shows the essential operation (Fig. 1a) . Laser cutting introduces slits in order to produce a heterogeneous periodic slotted structure of thin struts connected to larger bodies. Its mechanical flexibility (bottom image) shows how the structure can be bent, with the accordion springs showing compressibility and stretchability at the same time due to the local bending and twisting of the struts; the interconnecting bodies do not deform but displace rigidly with the strut ends. On the micrometre scale, samples are fabricated in photoresist using a highly-specific configuration of three beam interference lithography. Three 405 nm laser beams of equal intensity illuminate a 1.8 μm-thick photoresist (AZ 5214E) film that is spin coated on a flexible polydimethylsiloxane (PDMS) substrate (Fig. 1b) . The inset depicts the required angles of the incident laser beams referenced to the layer normal ( ). Reports in the literature study the laser beam arrangement necessary to obtain square or hexagonal lattices in a single-exposure step [45] [46] [47] [48] . Instead here, two beams irradiate the photoresist in the y-z plane with an angle of 20° between them, creating an interference grating in the sample plane. A third beam illuminates the sample in the x-z plane at an angle of 0.5° to the surface normal, perturbing this interference grating. This perturbation creates an accordion spring structure, seen in the bottom underlay of Fig. 1(b) which shows the calculated interference pattern with white (black) areas as high (low) illumination intensity. By changing the relative angles of grating and perturbing beams, the structures can be scaled down to the deep sub-micron domain and a wide variety of different structures can be generated (Supp. Info. A). For exploring the conductive properties of the mesh, the accordions are evaporatively coated with 40 nm of Au.
III. Results

A. Mechanical characterisation -Experimental and theoretical
The accordion structures are uniform over centimetre length scales. A typical scanning electron microscopy (SEM) segment is shown in Fig. 1(c) . The white horizontal wavy lines in the SEM image mark the areas of maximum perturbation in the interference grating, seen more clearly in the higher magnification of the positive photoresist structure (Fig. 1d) . The structure gains its stretchability from the deep slits. The slope of the wall profile at the connecting struts is set by the absorption of the photoresist while the aspect ratio of the slits (slit length to width , Fig. 2e ) is defined by the absorption of the resist, the resist thickness, and the angle between the perturbing laser beam and the surface normal (Supp. Info. A) [44] . All these can be controlled by varying the resist parameters, and for the situation here the slits have an aspect ratio of ∼10. This aspect ratio can be further increased by using thinner photoresist or illuminating for longer, but is limited as the structure becomes more fragile leading to larger defect areas (Supp. Info. B [44] ). Struts in the interpenetration area are thin at the top (width ∼100 nm) and widen towards the PDMS substrate following the absorption profile of the photoresist. The accordion spring structures are uniaxially stretched perpendicular to the narrow slits ( Fig.2a orange arrows) with a computer-controlled stage. An SEM image (taken at 30° viewing) of the relaxed Au-coated sample after repeated stretching cycles is shown in Fig. 2(b) . Small cracks in the Au coating are visible at the thin connecting struts which only emerge after prolonged stretch cycling. Stretching leads to bending of the relatively straight struts into gentle S-curves and widening of the slits between the interconnected bodies, producing a macroscopic strain of the accordion structure ( Fig. 2c,d ). Twisting of struts occurs along two axes, in-plane deformations initially and then out of plane as discussed below. To gain insight into the degree of local strain within the struts, a finite element simulation of the mechanical properties of the full structure, i.e. of the patterned photoresist including the PDMS substrate, is performed (Supp. Info. D [44] ). Here, however, we focus on the simulation results of the strain at the top surface since cracks in gold coatings follow this strain distribution. A discussion of strain in and at the bottom of the structure is given in the supplementary material. When the accordion spring structure is for example stretched by 20%, the local strains are highly concentrated along the connecting struts (Fig. 2e) , where the maximum material strain is approximately 3%. Even a strain of 3% in the experiment would likely lead to an electrical failure of the device, which is not observed. Therefore, additional stress reduction processes take place which are not included in the model. One of these processes is the planar deformation of the struts that induces crack formation of the overlying gold coating seen in the SEMs. The strain diffuses rapidly into the main bodies which are not strained across their bulk, accounting for the robustness and elastic stretching of the design. As well as deforming in-plane, the struts undergo orthogonal straining in the out-of-plane direction, resulting in a surface displacement. These strains follow from the rigid boundary conditions between the overall structure and the underlying PDMS substrate, which is confirmed by finite element simulations (Supp. Info. D) [44] . This indicates that the surface displacement causes the Au coating to delaminate selectively away from the sidewalls of the main ribs, which can be seen directly in the centre of the spring structure (Fig. 2d) . The delamination is visible as sub-micron Au wings that bend upwards when the sample is stretched, illustrated schematically in cross section in Fig. 2(f) . This Au film buckling is reversible upon relaxing the strain, giving rise to three dimensional dynamical reconfiguration (like a butterfly wing) induced from the initial 2D patterning, while no damage is introduced to the photoresist ribbons directly underneath. The Au wing delamination is an additional process that reduces stress in the Au layer to keep the film intact. No Au lift-off from the ribbons is observed when stretching the mesh which suggests good structural strain relief and strong adhesion between gold film and photoresist.
B. Optical characterisation
The planar deformation is further studied by optical characterisation of the Au-coated micro-accordion sheets. Samples are mounted in a computer-controlled translation stage inside a microscope, enabling optical micrographs to be recorded while stretching the samples horizontally (Fig. 3a) . Darker regions show the slits while the bright golden areas correspond to the Au-coated photoresist. Quantitative characterisation of these flexible diffraction gratings uses blue laser light incident through the microscope onto the sample giving diffracted light observed in the back focal plane of the microscope objective using a Bertrand lens. The diffraction pattern of white light in transmission is shown in the inset, showing the first diffraction orders and allowing calibration of the structure periodicity via the diffraction equation. The red arrows indicate a span of 10 accordion springs revealing the slits opening up as a strain of 10% is applied. The structure responds linearly with a 10% increase in the periodicity confirmed by the diffraction measurements (Fig. 3b) . The linearly increasing periodicity with strain confirms that the patterned photoresist remains fully attached to the underlying PDMS substrate without delamination. 
C. Electronic characterisation
The Au-coated micro-accordions are contacted with two micromanipulator probes for conductive measurements to reveal how such accordion spring films can be used as elastic conductors. Optical images of a contacted sample in relaxed and stretched states are shown in insets of Fig. 4(a) . In each step, the probes are lifted up before the sample is stretched and afterwards placed down on the same rib to ensure conductivity measurements over a fixed number of accordion springs. Samples stretched up to 30% show that the resistance is almost constant over the entire range. Fluctuations in the resistance are mainly due to variations in contact resistance with repeated probe tip landings on the same ribs. While four-point electrical measurements are currently not feasible in such dense meshes, these results still demonstrate the lack of any strong increase in sheet resistance. While stretching of the samples beyond 30% results in rupture of the PDMS substrate, no failure of the Aucoated accordion pattern is observed. Small micro-cracks formed when stretching the sample or local defects from the lithography process do not significantly influence the conductivity. Stretching and relaxing of samples is fully reversible and even when cycled more than 100 times no failure of the device is discerned. Results of a durability test are shown in Fig. 4(b) . A sample is stretched by 30% in each cycle and the resistance is measured in the stretched state. For the first 20 stretch cycles, an unexpected fast drop in resistance is observed. This decrease in resistance continues to develop over the next 80 cycles showing that the micro-accordion sheet does not lose its conductivity but improves with cycling. The drop in resistance is likely explained by the formation of complex networks of microcracks in the stretched and bent metal coatings. Such crack networks are observed in the SEM images of Fig. 2(b,d) and widely reported in the literature [32] . Cracks reduce in size over many cycles, allowing the metal to better wrap around strut edges and thus reducing the resistance of the linker struts which form local bottlenecks for electrical transport. Furthermore, such cracks reduce the residual strain in the gold coating of the mesh pattern, which can additionally lead to a reduction of the Au resistance after multiple stretch cycles. 
IV. Discussion
The advantage of an interference lithographic route to such deformable micro-accordion networks is the strong prospect for scalable films, using it either directly, or by exploiting it to create masters for embossing in a roll-to-roll continuous process. Structure sizes down below 100 nm are possible simply by moving to deeper UV laser processing. A simplified analytical model of the accordion mesh shows that reducing the strut width and increasing the aspect ratio of slits results in a reduction of the force required for elastic deformations. In this model, only deformations of the connecting struts are assumed, following our observations above. Out-of-plane deformations of the mesh along the surface normal are neglected. The considered simplified mesh is sketched in Fig. 5(a) . It is stretched along the -direction due to application of a uniaxial long-range stress . Deformation of the mesh is localised in the junction region (blue box A). Single junction beams (Fig. 5b) are defined by a pair of equal but oppositely curved cantilevers (blue box B) with an initial stress-free radius of curvature , subtending angle . The forces acting on one half of a junction beam are displayed in Fig. 5(c) . This force induces an inplane displacement and as well as a bending moment 0 , from the connection to the next junction beam. Deformations of the beams can be well approximated by a tip-loaded curved cantilever. The tip of this cantilever is displaced under the applied load, describing axial strains , in the unit cell:
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Here, a factor 4 is included because each unit cell consists of 4 cantilever beams in the junction line. The tip displacement = ( , ) of the cantilever is obtained following the method of virtual work for beams and frames (see Supp. Info. C) [44] :
where ⋆ is the applied 'virtual' load at the point of interest in the desired direction, ⋆ is the corresponding virtual bending moment, is the change in beam curvature of when a load is applied, and is the beam arc-length. The bending moment varies along the cantilever and is hence a function of the angle , of the applied force , and of the radius of curvature of the stress free cantilever (Fig. 5c ):
The change in curvature depends on the Young`s modulus of the material and the second area moment of the cross section about the bending axis = 3 /12 with the cantilever depth . It is obtained from the constitutive elastic law for slender beams,
Inserting equations (3) and (4) in equation (1) and integrating with an applied virtual unit force ⋆ = 1 ⋆ provides the beam displacements along the -and -directions (Supp. Info C) [44] . Since depends on , an effective axial modulus for the mesh can then be defined,
This effective axial modulus in Eq. (5) is inversely proportionally to the aspect ratio / , as well as scaling with the cube of strut thickness to the link strut curvature. Increasing the aspect ratio thus linearly decreases the force needed to elastically stretch the mesh. The aspect ratio can be directly controlled via the precise angular laser beam arrangement, as shown in the supplementary material (Supp. Info. A) [44] . Additionally exposure and development allow control of strut thickness. This analysis shows how further reduction of feature sizes will ensure that the required operational forces can be also reduced.
As well as films on flexible substrates, free standing films can be floated off. However, free standing films are difficult to handle and are therefore often not suitable for applications. By combining accordion-spring motifs in different orientations on the resist films, for instance using a spatial light modulator to direct different beams to different regions of the film, omnidirectional accordion stretching can be produced (Supp. lnfo. E) [44] . Similarly although we demonstrate only up to 30% strain so far, limited by our choice of substrate material, larger strains can be supported by the accordion springs, with limits still to be fully understood. While we use here simple Au-coating of the patterned photoresist, the material choice can be widely extended to many metallic and multilayer structures using lift-off, moulding, or printing techniques (Supp. Info. B) [44] . As a result, this opens up a large variety of nanopatterned stretchable film designs that can have optical, electronic, magnetic and sensing functionality built-in, yet be low cost and large area.
For example, complicated structures can be generated when multiple exposures are used. The calculated interference patterns of double exposures with 3 beams are presented in Fig. 6 . In both cases, all three laser beams have an angle θ = 10° with respect to the surface normal. In (a), the sample is rotated by α = 10° after the first exposure, while a sample rotation of α = 30° is used in (b). Both configurations generate porous resist films that allow for a controlled fabrication route to stretchable, sponge-like thin films. Stretching structure (a) leads to a displacement of the repeating units accompanied by rotations of connections as indicated, so that conductive contacts remain intact.
FIG. 6.
Calculated interference patterns of more complex structures. A double exposure is used in which the sample is rotated after the first exposure step by (a) = 10°, and (b) α = 30° as indicated in the diagrams at the top.
However, scaling up of such fabrication processes to large areas is more complicated than for the accordion spring pattern due to the additional rotation step of the substrate relative to the illuminating beams. Therefore, the accordion mesh is chosen here for fabrication with single-exposure 3-beam interference lithography. In addition we note that electron beam lithography can access additional geometries of such nanostructures for micro-scale testing, but as discussed above, the fabrication process cannot be applied on the large scales needed for a large-area process. Further work is thus focussed on optimising pattern geometries that are both accessible, have high yield, and can be scaled to large areas.
V. Conclusion
In conclusion, we have presented a novel approach to fabricating stretchable microstructures by patterning photoresist using three-beam interference lithography in a specific orientation. Key to this approach is creating long cuts into a brittle material that can then respond through strut bending and twisting. The resulting accordion spring patterns are robust, and with strongly-interpenetrating slits they can be highly stretched. Elasticity measurements show the film's potential as its conductivity is maintained on stretching. Micro-accordion patterning thus generates a new route for the fabrication of elastic metals. Further miniaturisation and functionalization of the structure can be achieved by changing the illuminating geometry in the lithography, and adapting to incorporate new materials. Our analysis shows that the elastic properties improve as these patterns are miniaturised, giving strong motivation for such nanostructuring. Our approach to use interference lithography enables large-scale fabrication of lithographically defined stretchable metallic films and thus opens up new routes to stretchable interconnects and pads in electronics, photonics and sensing applications.
12 mW for 14 s. The sample remained in a developing bath with a 1:4 solution of AZ 351B developer and deionised water for 50 s. Electron beam evaporation was used to coat the developed samples with 40 nm of Au.
C. Stretch measurements:
Stretch measurements were performed on a computer controlled linear translation stage mounted in a microscope. For the optical characterisation, an adapted Olympus BX51 microscope in bright field configuration was used. The structure morphology was examined in a scanning electron microscope (SEM) equipped with an extensometer.
D. Electric measurements:
Resistance measurements were performed by contacting the samples with two microprobes (20 µm gold wires) attached to micromanipulators (Kleindiek Nanotechnik) to ensure precise positioning of the probes. A voltage of 150 µV (Keithley 2635 A) was applied to the sample and the resistance was measured.
E. Diffraction measurements:
White light from an incandescent source or a laser with wavelength of 448 nm (Coherent Cube) illuminated the sample with parallel light rays through the microscope objective. Diffracted light was collected and imaged in the back focal plane of the objective using a Bertrand lens.
F. Simulations:
Strain simulations were performed using commercial software (COMSOL). The photoresist AZ 5124E was modelled as a linear elastic material with a Young's Modulus of 7 GPa [49] ; PDMS was modelled as a hyperelastic material using the Mooney-Rivlin fit with parameters E = 1.23 MPa, C1 = 0.205 MPa, C2 = 0 MPa (corresponding to a 24 hour cure at 60 °C) [50] . Symmetric boundary conditions were applied at each vertical face. A displacement boundary condition was applied to each end of the PDMS/AZ structure in order to provide a total applied strain of 20%. The simulation included nonlinear geometrical effects. Post-processing strain slices were recorded at the base and the surface of the AZ structure.
